Objective: To improve the separation, identification and cultivation of ovarian germline stem cells (OGSCs), to clarify the relationship between the Hippo signaling pathway effector YAP1 and the proliferation and differentiation of OGSCs in vitro and to identify the major contribution of Hippo signaling to ovarian function. Methods: Two-step enzymatic separation processes and magnetic separation were used to isolate and identify OGSCs by determining the expression of Mvh, Oct4, Nanog, Fragilis and Stella markers. Then, YAP1, as the main effector molecule in the Hippo signaling pathway, was chosen as the target gene of the study. Lentivirus containing overexpressed YAP1 or a YAP1-targeted shRNA was transduced into OGSCs. The effects of modulating the Hippo signaling pathway on the proliferation, differentiation, reproduction and endocrine function of ovaries were observed by microinjecting the lentiviral vectors with overexpressed YAP1 or YAP1 shRNA into infertile mouse models or natural mice of reproductive age. Results: (1) The specific expression of Mvh, Oct4, Nanog, Fragilis and Stella markers was observed in isolated stem cells. Thus, the isolated cells were preliminarily identified as OGSCs. (2) The co-expression of LATS2, MST1, YAP1 and MVH was observed in isolated OGSCs. Mvh and Oct4 expression levels were significantly increased in OGSCs overexpressing YAP1 compared to GFP controls. Consistently, Mvh and Oct4 levels were significantly decreased in cells expressing YAP1-targeted shRNA. (3) After 14-75 days of YAP1 overexpression in infertile mouse models, we detected follicle regeneration in ovaries, the activation of primordial follicles and increased birth rate, accompanied by increasing levels of E2 and FSH. (4) However, we detected decreasing follicles in ovaries, lower birth rate, and decreasing E2 and FSH in serum from healthy mice of reproductive age following YAP1 shRNA expression. Conclusion: Methods for the isolation, identification and culture of OGSCs were successfully established. Further results indicate that isolated OGSCs can specifically recognize Hippo signaling molecules and that manipulation of YAP1 expression can be used to regulate the proliferation and differentiation of OGSCs, as well as ovarian function in mice. This study suggests that the Hippo signaling pathway may represent a new molecular target for the regulation of mouse ovarian functional remodeling.
Introduction
Contemporary studies have challenged the traditional view that mammalian females produce a finite number of oocytes in the prenatal phase of life and that this production ceases after birth [1, 2] . In contrast, studies have successfully isolated and cultured ovarian germline stem cells (OGSCs), which produce oocytes and primordial follicles throughout an individual's lifetime [3] [4] [5] [6] . In addition, several research groups have confirmed the presence of stem cells in the ovarian surface epithelium (OSE) of patients with infertility who have no mature follicles and oocytes [7] [8] [9] .
In mammals, ovarian aging is a continuous process from birth to death, and in humans, this process can have long-term effects not only on reproductive capabilities but also on general health, with the potential to lead to psychological distress and depression, decreased sexual and general well-being, autoimmune disorders, osteoporosis, ischemic heart disease and increased risk for mortality [10] . The known causes of pathological ovarian aging include genetic aberrations, autoimmune ovarian damage and environmental influences [10, 11] . Meanwhile, the cause of physiological ovarian aging is simply chronological aging [12] . Ovarian aging in general is one of the most important factors affecting female fertility and is accompanied by the typical clinical symptoms of increased gonadotropin levels and amenorrhea with hypoestrogenism [10, 13, 14] .
It has been shown that germline stem cells (GSCs) exist in both juvenile and adult mouse ovaries, and they are thought to be useful for recovery of ovarian function and even to reverse ovarian aging [15] . An increasing number of studies indicate that the Hippo signaling pathway is crucial for the self-renewal and differentiation of stem cells [16] [17] [18] [19] [20] . Furthermore, the Hippo signaling pathway plays an important role in the regulation of follicular growth [21] . In addition, the OSE layer has cell-cell contacts and local signaling that may be associated with GSC growth and development [22] . Importantly, evidence suggests that the Hippo signaling pathway is spatiotemporally correlated with the size of the primordial follicle pool [23] and that the existence of OGSCs in the mouse OSE and the expression of OGSCs markers are correlated with both the age of the mouse and with Hippo signaling molecules [24] .
To our knowledge, there is no information on the effects of the Hippo pathway on the proliferation and differentiation of OGSCs and ovarian functional remodeling during aging in mouse models. In the current study, we isolated OGSCs via a two-step enzymatic separation method and magnetic-activated cell sorting (MACS), after which OGSCs were incubated with improved methods. The expression of YAP1, the main effector molecule in the Hippo signaling pathway, was manipulated in these cells via lentiviral overexpression or shRNA knockdown in vitro. In addition, YAP1 expression was modulated by microinjection of these constructs into the ovaries of infertile mouse models and healthy mice of reproductive age, to observe how YAP1 influences the proliferation and differentiation of OGSCs as well as ovarian reproductive and endocrine function in vivo. We first separated OGSCs by the two-step enzyme separation method and magnetic activated cell sorting (MACS) and then cultivated the OGSCs with improved methods. We chose the main effector molecule YAP1 in the Hippo signaling pathway as the target gene in the study and then observed what YAP1 can do to the proliferation, differentiation, ovarian reproductive function and endocrine function of the ovaries by micro-injecting over-expressed effector molecule YAP1 vectors and relevant shRNA interfering lentivirus vectors to transfect the infertile models and the healthy mice of reproductive age, respectively. Both over-expressed YAP1 and relevant shRNA interfering lentivirus vectors are transfected to OSCSs in vitro first.
Materials and Methods
Samples 60 two-month-old (2M) Kun Ming (KM) female mice that weighed approximately 30 g and 3-day-old (3d) KM female mice were obtained from the Centre of Experimental Animals, Nan Chang University (Nan Isolation and culture of OGSCs Between 16 and 20 ovaries were collected from 3-day-old KM female mice, washed with ice-cold PBS, and then minced into small pieces. Two-step enzymatic tissue dissociation and cell culture were performed as described previously [5] . The feeder for OGSCs culturing is SIM-6-thiogunanie-oualiain (STO) cell line (ATCC, Manassas, VA, USA).
Cell proliferation assay
Cell proliferation was determined using the Cell Counting Kit-8 (CCK-8; Dojindo, Tokyo, Japan). A total of 3×10 3 cells/well were seeded into 96-well plates and then treated with hYAP and shYAP. In all, 10 μL of CCK-8 solution was added to each well and incubated for 1 hour. The absorbance of each well was measured at 450 nm using a microplate reader. The groups were as follows: lentiviral YAP1 overexpression group (hYAP): 1. 
Real-time PCR and quantitative real-time PCR
Total RNA was extracted from the OGSCs using Tri-reagent (TaKaRa, Japan). The whole protocol was performed according to previously described methods [24] . Total RNA (1 μg in a 25-μL reaction) was reversetranscribed using the PrimeScriptTM RT reagent Kit with gDNA Eraser (TaKaRa, RR047A). For RT-PCR, 35 PCR cycles were performed using Permix Taq (Takara Taq version 2.0 plus dye, RR901) with primer sets specific for each gene ( Table 1 ). The housekeeping gene we used is glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Samples were resolved through 2% agarose gels and run under the same experimental conditions. DNA bands were detected using ethidium bromide (EB) staining. For quantitative real-time PCR, amplification was performed on an ABI7000 PCR instrument (Applied Biosystems, Foster City, CA, USA) Table 1 . The sequences of primers used for RT-PCR using three-stage program parameters provided by the manufacturer, as follows: 2 min at 50˚C, 2 min at 95˚C, and then 40 cycles of 15 s at 95˚C and 60 s at 60˚C, followed by a final cooling step at 4˚C. The primers designed for amplifying are listed in Table 1 . The reaction was carried out in a 20-μl volume containing 10 μL of SYBR green Master Mix (Life Technologies, USA), 0.5 μL of cDNA, 0.6 μL of 50 mM MgCl2, 1.6 μL of 10 μM primers, and sterilized distilled water up to 20 μL. All assays were independently repeated at least in triplicate, and GAPDH was used as the reference gene. Alkaline phosphatase and immunofluorescence staining Alkaline phosphatase (AP) staining was performed using an Alkaline Phosphatase Detection kit (Sigma) according to the manufacturer's instructions.
For immunofluorescence, the procedure was performed according to previously published protocols [24] . The primary antibodies used in this study were anti-LATS2 (1:100, ab54073), anti-MST1 (1:100, ab51134), anti-YAP1 (1:100, ab56701), anti-S127 phosphorylated-YAP1 (1:100, ab76252), anti-OCT4 (1:100, ab18976) and anti-MVH (1:100, ab27591). The secondary antibodies used in this study were goat anti-mouse and goat anti-rabbit IgG conjugated with fluorescein isothiocyanate at a 1:200 dilution (Proteintech, China). Finally, the tissues were stained with DAPI. The samples were imaged with a NIKON Eclipse 80i microscope.
Microinjection of lentivirus in vitro
All the test mice were treated without food but with freely available water for 12 hours prior to the experiment. Mice were anesthetized with 1% sodium pentobarbital via intraperitoneal injection and fixed them in a prone position. A 1.0 cm longitudinal incision was cut at the side of the spine through the subcutaneous tissue, muscular layer and peritoneum, through which both ovaries were removed. Different doses of lentiviral particles were injected into the ovarian envelope under the microscope in vitro; in the control group, lentivirus was replaced with the same volume of 0.9% normal saline solution. (Fig. 1) [25] . After injections, the ovaries were placed back into the abdomen and incisions were disinfected and sutured.
Serum hormone level measurements
Fifteen days after infection, blood was drawn from the orbital socket and serum was collected. The levels of E2 and FSH were measured by the biological company.
Data presentation and statistical analysis
GraphPad Prism software (GraphPad Software, La Jolla, CA) was used for statistical analysis. The statistical significance of differences among groups was determined using Student's t test. Probability values of p < 0.05 were considered significant; p < 0.01 and p < 0.001 were both considered extremely significant.
Results

The isolation and identification of OGSCs
We isolated OGSCs from the ovaries of 3-day-old KM mice using a two-step enzymatic method and magnetic beads with MVH-specific antibodies. This resulted in the isolation of separated oval reproductive cells, approximately 15-20 μm in diameter ( Fig. 2A) . The cells were not numerous when initially isolated, and their proliferation cycle was approximately 5-7 days. When the cells reached 3-4 generations, they began to multiply more robustly, distributing like colonies.
After 15 days in culture, cellular mRNA was extracted and analyzed by PCR, which showed positive expression of the known OGSCs markers Mvh, Oct4, Nanog, Fragilis and Stella (Fig. 2B) . In addition, we immunostained for the reproductive cell marker MVH and specific stem cell marker OCT4 and both were expressed positively in the separated cells. These reproductive cells also had the potential to replicate, as verified via EDU and AP staining (Fig. 2C,D,E) . Thus, these cells can be preliminarily identified as OGSCs. [25] .
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Hippo signaling molecules are expressed in OGSCs
Using immunostaining, we discovered that three key molecules in the Hippo signaling pathway (LATS2, MST1 and YAP1) are all expressed in OGSCs. In addition, LATS2, MST1 and YAP1 all co-express with MVH in OGSCs (Fig. 3) .
Overexpression of YAP1 affects the proliferation and differentiation of OGSCs
We transduced 3rd-4th generation OGSCs in vitro with YAP1-overexpressing lentivirus and observed the effects after 48 hours of expression. All transfected cells showed obvious green immunofluorescence expression, indicating high GFP expression and confirming successful lentivirus infection (Fig. 4A ). 4 days after viral infection, cells were passage cultivated with lentivirus in 96-well plates. After cell adherence, the cells' multiplication efficiency was measured with a CCK-8 Cell Proliferation Kit. The results indicated that cells overexpressing YAP1 had a higher absorbance value compared to the blank groups (p<0.001; Fig. 4B ), suggesting that YAP1 promotes the proliferation of OGSCs in vitro.
Next, we extracted total mRNA from the cultured cells 72 hours after transduction and quantified the expression of Hippo pathway and OGSCs marker genes via fluorescent real time PCR (RT-PCR). As expected, the effector molecule Yap1 was more highly expressed in the lentivirus-mediated YAP1 overexpression group comparing to the control group. In addition, Mvh and Oct4, specific markers of OGSCs, were also more highly expressed in the YAP1 overexpression group (p<0.05, p<0.01) (Fig. 4C) , suggesting YAP1 may promote the differentiation of the OGSCs cell fate. 
The effect of YAP1 knockdown on the proliferation and differentiation of OGSCs
To confirm the role of YAP1 in regulating OGSCs proliferation and differentiation, we also transduced cells with a lentivirus expressing a YAP1 shRNA to decrease its expression. In these cells, we observed clear GFP expression 48 hours following transduction, confirming successful viral infection (Fig. 5A) . Consistent with our observations with YAP1 overexpression, the multiplication efficiency of YAP1 knockdown cells was dramatically lower than that of control cells (p<0.001;) (Fig. 5B) . This demonstrates that YAP1 is necessary for the proliferation of OGSCs in vitro.
By immunostaining, we confirmed that Yap1 expression was lower YAP1 shRNA cells compared to control cells (Fig. 5C ). In addition, the specific OGSCs markers Mvh and Oct4 were significantly less expressed in the YAP1 shRNA cells, further supporting a role for YAP1 in differentiation (p<0.05, p<0.01, p<0.001). The results are presented as the mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, compared with the control group. Scale bars: 20 µm. C: The data analyzed by RT-qPCR. The results are presented as the mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, compared with the control group.
YAP1 regulates reproductive and endocrine function in ovarian tissue
We next microinjected the YAP1 overexpression or knockdown lentiviruses into the ovaries of female mice belonging to infertile mouse model, to confirm a role for YAP1 in the regulation of ovarian function. With YAP1 overexpression, the formation of primordial follicles was clearly visible, and the. thickness of the OSE increased (Fig. 6A) . However, there was neither formation of primordial follicles nor any change in the thickness of the OSE in the control group.
After 15 days of lentivirus expression, serum was collected from the infected mice to measure the dynamic levels of E2 and FSH. The levels of E2 and FSH in serum of YAP1 Table 3 . The birth times and the number of offspring produced by post-transplantation-shYAP mouse recipients by natural mating with a wild-type KM male overexpressing mice are both elevated compared to the control group, particularly the level of FSH (p<0.05) (Fig. 6B) . These results suggest that high expression of YAP1 can induce the growth of oocytes and the proliferation of follicle cells.
We also assessed the mating behavior of formerly infertile female mice overexpressing ovarian YAP1. 15 days following ovarian microinjection, 2-3 female mice were placed in each cage, 12 mice survived in the YAP1 overexpressing group while 15 survived in the control group. 1-2 male mice were placed in each cage, and the mating, births, and number of offspring were observed for each group. The results are shown in Table 2 . In the YAP1 overexpressing group, 4 female mice gave birth to 31 offspring at the 30th, 40th, 60th and 75th day, respectively, a birth rate of approximately 33%. However, the control group did not produce any offspring, suggesting they remained infertile in the absence of YAP1 overexpression (Fig. 6C) .
The effects of YAP1 knockdown on ovarian and endocrine function
We also microinjected lentivirus expressing the YAP1 shRNA into the ovaries of female wild-type mice and performed similar experiments to those described in Fig. 6 . The number of follicles decreased in the ovaries of mice expressing YAP1 shRNA compared to the control group, but there was no change in the thickness of the OSE (Fig. 7A) .
In addition, the expression levels of E2 and FSH in serum of the YAP1 ovarian knockdown mice declined (p<0.05) (Fig. 7B ). These results demonstrate that decreased expression of YAP1 in ovaries can inhibit the growth of oocytes and the proliferation of follicle cells.
The results of mating experiments with the YAP1 ovarian knockdown mice are shown in Table 3 . In total, 4 YAP1 ovarian knockdown mice gave birth to 33 offspring at the 30th, 45th, 60th and 80th day, respectively, a birth rate of approximately 26.7%. However, 10 mice in the control group gave birth to 135 offspring, demonstrating that decreased ovarian expression of YAP1 negatively impacts mating and reproduction (Fig. 7C) .
Discussion
In 2004, Johnson et al. [2] found that female mammals can produce new oocytes constantly from birth until adulthood to renew the primordial follicle pool, a theory termed "neo-oogenesis." However, this discovery challenged the follicle-pool fixed theory that had dominated reproductive medicine for over 100 years. Since then, there has been an enhanced interest in OGSCs research. Although the existence of mammalian OGSCs remains controversial [26, 27] , many groups have identified OGSCs in mammalian ovaries by stem cell culture in vitro, transgenesis and in vivo lineage tracing [28] [29] [30] .
Previously, OGSCs have been considered difficult to isolate and cultivate in vitro, as there are many cell types in ovaries with a complicated growth and differentiation process. Compared to many ovarian cell types, there are relatively few OGSCs in ovaries and there are no specific surface markers for these cells [31, 32] . Thus, the limiting factor for the study of OGSCs behavior and characteristics in vitro has been the separation and purification of these cells while maintaining their self-renewal and self-differentiation ability.
In this study, we overcame these limitations by first choosing specific antibody-tagged magnetic beads and the reproductive cell marker MVH to screen ovarian reproductive cells. We were then able to identify which cells in ovaries have stem cell characteristics and reproductive ability, combining MVH, the reproductive-specific transcription factor OCT4, the specific reproductive cell marker EDU, and other factors. We found that OGSCs separated by this method are distributed like colonies in cell culture, similar to existing research reports [5, 33, 34] . With RT-PCR, we could detect the expression of cell markers at the 15th day in culture and found that these cells express Mvh, Fragilis and Stella mRNA, which indicates the separated cells are reproductive cells. The positive expression of Nanog and Oct4 indicates that these cells also have stem cell ability and pluripotency. In addition, these cells expressed positive for alkaline phosphatase when compared to STO cells used as a feeder layer. Thus, we can conclude that the cells isolated by this method are primarily OGSCs, strong evidence for the existence of reproductive stem cells in mammalian ovaries after birth.
We chose immunofluorescence double labeling in this study to detect the co-expression of Hippo signaling proteins and MVH and identified that the Hippo signaling pathway is present in the separated reproductive cells. Lentiviruses stably insert target genes in the host genome, making this an ideal system for genetic engineering. Furthermore, lentiviral vectors have improved transduction efficiency, making it possible to stably express constructs longterm [35, 36] . We used this system to infect OGSCs with YAP1 or shRNA against YAP1. After 48 hours, we observed the results by immunofluorescence, multiplication assay, and RT-PCR. Our results revealed that Yap1 overexpression increased the proliferation of OGSCs, as well as the expression of Yap1, Mvh and Oct4 mRNA. In contrast, YAP1 shRNA decreased cellular proliferation, as well as the expression of Yap1, Mvh and Oct4 mRNA. Thus, YAP1 regulates the proliferation and differentiation of OGSCs.
Recent evidence suggests that the Hippo-YAP pathway provides a new method for cancer treatment in clinical studies [37, 38] . However, the application of this signaling pathway to the treatment of ovarian diseases has not been tested. This research puts forward the idea that YAP1 can reconstruct the ovarian functions. Our results reveal that the expression levels of E2 and FSH increased obviously upon YAP1 overexpression via ovarian microinjection. In addition, some previously infertile mice gave birth to offspring at a birth rate of 33.3%. This indicates that overexpression of YAP1 promote primordial follicle formation, inducing the growth of oocytes and the recovery of ovarian functions. Consistently, ovarian microinjection of YAP1 shRNA decreased the expression levels of E2 and FSH, and only 4 previously fertile mice gave birth, a rate of 26.7%. In contrast, 10 fertile mice in the control group gave birth, which indicates that decreased expression of YAP1 can inhibit the proliferation and differentiation of OGSCs, maintain primordial follicles in quiescence, and influence the normal growth of oocytes and ovarian functions.
This study provides evidence that the Hippo effector molecule YAP1 regulates the proliferation and differentiation of OGSCs in vivo, clarifying the role of YAP1 in reconstructing physiological ovarian functions. This increases our understanding of the mechanisms of OGSCs development and may provide a more effective method for treating female infertility. Moreover, these results have great potential for the preservation and reproduction of animals, especially endangered species.
However, there are still some limitations in our research. First, we were not able to subculture the separated and purified OGSCs without limit via our in vitro culture system. In the meanwhile, stable over-expressed and low-expressed OGSCs can not be screened which also blocked our research. In addition, the great difficulty of cultivating and enriching the OGSCs in vitro, several factors during the micro-injecting operation procedure as well as the individual differences between the mice all have much impact on the research which can well-explain our limitations in our research. As we analyzed the causes, at first the culture conditions of cultivating OGSCs were extremely strict and complicated so that our experiments were much influenced by the cultivation environment. For example, both the trace growth factor and the external environment can influence the growth and the proliferation of OGSCs, making the cells hard to passage without limit. Secondly, the proliferation rate of OGSCs was quite slow and the amount of cells was small. So in the future experiment research, we will improve and make some adjustments on the cultivation system. In addition, we will choose to use the human ovaries as our experimental subjects to further prove the important role of Hippo signalling pathway in human OGSCs and ovarian functions remodeling. 
